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 Introduction
Tidal currents in estuaries induce resuspension and
nsport of sediments. These processes are of great
portance for coastal engineering, as they have a direct
pact on human facilities, such as dams, dykes and
aterways. Over longer time scales, they are also
sponsible for the sediment inﬁlling of estuaries (Dal-
mple et al., 1992). Sediment suspension and transport
e more intense during the peaks of ﬂood and ebb
currents, the velocity of which can reach values up to a few
meters per second. High suspended sediment concen-
trations (SSC) are generally observed at the head of the
estuary at the fresh/salt water interface. For instance,
Castaing (1981) measured SSC of 20 g/L during a ﬂood in
the Garonne estuary. This turbidity maximum zone (TMZ)
has been widely studied by in situ measurements (e.g.,
Jiufa and Chen, 1998; Uncles and Stephens, 1993).
In some tide-dominated estuaries, tidal bores represent
another potential mechanism for strong sediment resus-
pension. This wave propagating upstream in channels is
generated by the water level difference between the front
of the rising tide and the river level at low ﬂow, controlled
by the ﬂuvial discharge. The hydrodynamics of tidal bores
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A B S T R A C T
Tidal bores are believed to induce signiﬁcant sediment transport in macrotidal estuaries.
However, due to high turbulence and very large suspended sediment concentration (SSC),
the measurement of sediment transport induced by a tidal bore is actually a technical
challenge. Consequently, very few quantitative data have been published so far. This paper
presents SSC measurements performed in the Se´e River estuary (Mont-Saint-Michel Bay,
northwestern France) during the tidal bore passage with direct and indirect (optical)
methods. Both methods are calibrated in laboratory in order to verify the consistency of
measurements, to calculate the uncertainties, and to correct the raw data. The SSC
measurements coupled with ADCP velocity data are used to calculate the instantaneous
sediment transport (qs) associated with the tidal bore passage (up to 40 kg/m
2/s).
 2015 Acade´mie des sciences. Published by Elsevier Masson SAS. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).
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L. Furgerot et al. / C. R. Geoscience 348 (2016) 432–441 433ave been investigated in recent studies (Furgerot, 2014;
uang et al., 2013; Simon, 2013; Simpson et al., 2004). The
pact of tidal bores on sediment resuspension has been
stimated by punctual SSC measurements (Chanson et al.,
011; Fan et al., 2014; Furgerot et al., in press; Wolanski
t al., 2004). Chanson et al. (2011) present the only
uantitative estimation of sediment ﬂuxes from ADV
easurements. Unfortunately, the deduction of SSC from
DV signal amplitude in one point of the water column
duces signiﬁcant uncertainties. In all cases, SSC measu-
ements in highly turbid and turbulent ﬂows remain a
chnical challenge. SSC can be measured by various
chniques (acoustic, optical, sampling), which all require
 calibration in laboratory with sediment from the
easurement site (van Rijn, 2007).
In this paper, we compare two methods of SSC
easurement in loaded ﬂow: the optical method and
irect sampling. We apply these methods to SSC measu-
ements during a tidal bore passage in the Se´e River (Mont-
aint-Michel Bay, NW France). A ﬁrst quantiﬁcation of the
ore hydrodynamics and SSC has been presented in
urgerot et al. (in press). After a signiﬁcant laboratory
alibration step, we discuss the reliability of both
easurement methods. Once corrected, the SSC data
oupled with velocity measurements allow us to calculate
eliable sediment ﬂuxes during tidal bore passages.
. Measurement site
.1. The Mont-Saint-Michel Bay: general context
The Mont-Saint-Michel Bay (English Channel, NW
rance) is a 500-km2 depression nested between Brittany
nd the Cotentin Peninsula (Fig. 1A). It is characterized by a
-type hypertidal regime (Archer, 2013), semi-diurnal
ith an insigniﬁcant diurnal inequality. The hypertidal
ange that reaches up to 14 m at the seaward entrance of
e bay is due to the reﬂection of the incoming tidal wave
om the Atlantic Ocean along the Cotentin Peninsula,
hich induces an ampliﬁed standing wave (Larsonneur,
989).
Three main rivers ﬂow into the south-eastern part of
e bay, the Couesnon, the Se´lune and the Se´e rivers,
rming an extensive tidal estuary. The large tidal ranges
duce high-energy tidal currents (up to 2 m/s) controlling
edimentary processes and channel migration (Lanier and
essier, 1998). Three distinct estuarine areas are deﬁned
ased on tidal channel mobility:
 the external estuary with highly mobile channels;
 the middle estuary with low migration rate channels;
 the upper estuary with channelized rivers (Fig. 1A).
Tidal bores are observed potentially in these three
ones (Furgerot, 2014), depending on local channel
orphology.
.2. Measurement site ‘‘Le Bateau’’
Tidal bore measurements were performed in the Se´e
iver, about 15 km upstream of the estuary mouth (i.e.
Tombelaine, Fig. 1A) on a site named ‘‘Le Bateau’’ where
maximum tidal range reaches 1.5 m. The mean annual
river discharge is less than 10 m3/s, and never exceeds
20 m3/s during the wet season. Biennial ﬂood discharge is
in the order of 50 m3/s (Bonnot-Courtois et al., 2002).
The general morphology of the channel is a 570-m-long
straight section between elbow meanders, and bordered
by marsh banks (Fig. 1A). Topo-bathymetric proﬁles were
performed across the channel using a tachometer, covering
a longitudinal distance of 40 m. The spacing of measure-
ment points was approximately 2 m. A total of 140 points
were used to reconstruct the channel morphology (Fig. 1B).
The bankfull channel width is around 30 m, and is fairly
constant along the stretch with a longitudinal slope of
0.16% in average. The channel cross-section (Fig. 1B)
reveals steep banks ( 308) and a ﬂat 20-m-wide bottom.
Water depth at low tide is frequently lower than 1 m
(Fig. 2). Bankfull conditions are reached during high tides
and high water discharges, with water depths of 2.5 m.
In addition to its local channel morphology, the river
water depth at low tide, exclusively controlled by the
ﬂuvial discharge, is a critical parameter for tidal bore
development and shape (Huang et al., 2013). Breaking
bores are observed when the water depth is low, causing
Fig. 1. A. Spot image (2007) of the estuarine system in the eastern part of
Mont-Saint-Michel Bay. The site of tidal bore measurements (‘‘Le
Bateau’’) is located upstream on the Se´e River (red square). The three
distinct estuarine areas (1, 2, 3) are deﬁned on the basis of tidal channel
mobility. CP: Cotentin Peninsula. B. 3D reconstruction of the Se´e River
channel at ‘‘Le Bateau’’. The water level corresponds to a low tide level for
a low river ﬂow (V1).
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L. Furgerot et al. / C. R. Geoscience 348 (2016) 432–441434 aeration of the wave. Undular bores develop with larger
ater depths, and are characterized by a succession a wave
rms with a wavelength around 2 m and a smooth surface.
ﬂuvial discharge is too large, the tidal wave is rapidly
tenuated in its upstream propagation, inhibiting tidal
re development. This phenomenon was observed on the
e River during a ﬂood event in January 2014, with a peak
scharge above 35 m3/s.
The shape of the tidal bore is also sensitive to the
olution of the water depth during its upstream
opagation. Generally, the tidal bore is undular over
e whole rectilinear section. Then, it evolves progressively
ward a breaking bore at the end of the section.
At ‘‘Le Bateau’’ measurement site, tidal range can be
nsidered as large in comparison with the river discharge,
hich is in average very low, so that in addition to the local
annel morphology, conditions are favorable for steady
al bore development.
. Sediment characteristics
The backscattered signal of optical or acoustic probes
ed to measure suspended sediment concentration
ongly depends on the sediment particle shape, compo-
ion, and size (Moate and Thorne, 2012; Thorne and
eral, 2008). It is therefore critical to properly characterize
e sediment in suspension at the measurement site.
The solid discharge of the three rivers entering the
y is almost negligible (Bonnot-Courtois et al., 2002;
rsonneur, 1989). This implies that the sediment inﬁlling
e Mont-Saint-Michel Bay is almost exclusively of marine
igin, and composed of siliciclastic material reworked
m the English Channel seaﬂoor by tidal currents and
aves, and of biogenic carbonates (mainly shell fragments
d red algae).
The mean sediment size decreases progressively from
offshore to the most internal parts of the bay. In the middle
to upper estuary, sediments are composed of silty sands to
sandy silts, named locally ‘‘tangue’’ (Bourcart and Charlier,
1959; Larsonneur, 1989; Tessier, 1993). According to
particle size analysis, the mode of the ‘‘tangue’’ grain size
distribution is 116 mm in the outer estuary (at Grouin du
Sud – Fig. 1A) and decreases upstream to 80 mm at the ‘‘Le
Bateau’’ site, where d10 is 25 mm and d90 is 138 mm,
indicating well-sorted sediments. The ‘‘tangue’’ contains
an average of 50% of carbonates, mainly composed of shell
fragments and foraminifera tests, and almost no clay and
organic matter. This composition induces heterogeneous
and highly irregular particle shapes, from spherical to
elongated or ﬂat shapes.
This peculiar sediment is suspected to have a signiﬁcant
inﬂuence on the measurement methods of the SSC, and
thus implies a rigorous calibration of the instruments
(direct and indirect) using sediment sampled from the
study site.
3. Methods
Various parameters were measured in situ during the
passage of 30 tidal bores (10 ﬁeld campaigns from January
2011 to May 2012): salinity, temperature, sediment
rheology and grain size, ﬂow velocities in the three
directions and SSC. Only the results of velocity and SSC
measurements obtained during one campaign (May 2012)
are presented herein. This is the only campaign where
turbid water samples were collected at four elevations
across the water column. The arrangement of the
instruments used in this paper is presented in Fig. 2.
3.1. Suspended sediment concentration: measurements and
calibration
An optical method and a direct sampling method were
used for SSC measurements. In order to get reliable and
comparable data, both were carefully calibrated using two
different systems.
3.1.1. Optical measurements with an ASM (ARGUS surface
meter)
The ASM rod records the signal reﬂectivity (Rs) on a
vertical proﬁle at 2 Hz, thanks to 144 optical sensors (OBS
type) spaced 1 cm apart. The conversion from Rs to SSC
values (deﬁned as CASM) has been done through a
calibration function deﬁned in the laboratory prior to
the ﬁeld survey. Because nephelometric measurements
depend on the size, on the refraction index, and on the
shape of the suspended sediment, the calibration has to be
made with sediments from the survey site. Suspensions at
different concentrations (Creal) have been prepared with
sediment sampled in situ, and introduced in a closed tube
circuit. The ASM sensors recorded the reﬂectivity values in
the circuit for 5 min at 1 Hz. The calibration curve (Fig. 3A)
has been built by associating the mean of the reﬂectivity
values (Rs) measured by the sensors with the real SSC
(Creal). The ASM rod is calibrated for Creal ranging between
0 and 30 g/L. This represents a good compromise between
. 2. In situ measurement setup in the channel cross-section (‘‘Le
teau’’ locality, Se´e River): ASM: Argus Surface Meter; ADV: Acoustic
ppler Velocimeter; ADCP: Acoustic Doppler Current Proﬁler; ms.l.:
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easurements. When concentrations exceed 30 g/L, the
ensors give a saturation value. The calibration curve
rovides an equation CASM = f(Rs)  DCASM with uncertain-
 DCASM. This uncertainty comprises the uncertainty
elated to ASM rod (reﬂectivity measurement) and the
ncertainty related to the sediment concentration intro-
uced in the calibration apparatus (Creal). The ASM rod
anufacturer gives a relative uncertainty:
Rs
Rs
¼ 10 %
The uncertainty of Creal is related to the uncertainties of
e sediment mass (mreal) and of the volume of water
circuit) introduced in the calibration system:
DCreal
Creal
 2
¼ Dmreal
mreal
 2
þ DVcircuit
Vcircuit
 2
hich gives:
Creal
Creal
¼ 1 to 2%
These calculated uncertainties are reported as error
ars in Fig. 3A.
.1.2. Direct sampling by pumping
Because ASM optical measurements are limited by the
ensor saturation value (at 30 g/L), and to check the
consistency of this indirect method, water from the
channel was sampled during the passage of tidal bores
using manual pumps. Four sampling points were posi-
tioned at different levels in the water column, just above
the bed and at 20, 40 and 60 cm above the bed. At the
passage of the tidal bore, a maximum sampling frequency
of about 0.5 Hz was achieved. Two rising tides with tidal
bore were surveyed by using this sampling pump system,
and about 800 samples per tide were collected and stored
in hermetic plastic pots.
Generally, SSC is determined from water samples by
ﬁltration. This method is fast to process, but ﬁne particles
may be lost depending on the quality of the mesh ﬁlters.
We used another protocol to measure the suspended
sediment concentration, which preserves the sediment for
further investigations (grain size distribution measure-
ments and sediment composition observation under a
binocular microscope). This included three steps:
 a weighing of the pot containing the sediment and the
water (P1);
 a weighing of the pot and the sediment (P2) after drying
at 35 8C;
 a weighing of the mass of the empty pot (P3).
From these weights, the SSC (Csample) is calculated using
the following formula:
Csample ¼
P2P3
P1P2
 
 DCsample
ig. 3. Calibration of SSC measuring instruments. A. Calibration curve of the ASM rod based on reﬂectivity measurements of several real SSC (Creal from 0 to
0 g/L). B. Recirculating circuit used to calibrate direct samplings by pumps. C. Calibration curves for direct sampling by pumps.
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L. Furgerot et al. / C. R. Geoscience 348 (2016) 432–441436With DCsample, the uncertainty related to the weighing
 P1, P2, and P3 is deﬁned as:
Csample
Csample
2
¼ Dmsed
msed
 2
þ DVpot
Vpot
 2
ith Dm2sed ¼ DP22 þ DP32 and msed the mass of dry
diment, DV2pot ¼ DP12 þ DP22 and Vpot the volume of
mpled water.
The uncertainty on the mass (DP1, DP2, and DP3) is 0.2 g,
d is related to the characteristics of the weighing scale.
sample
ample
varies from 4% for concentrations of 30 g/L to 40%
r concentrations of 1 g/L. The uncertainty is signiﬁcant
r low concentrations because it essentially depends on
eighing.
This method of SSC measurement is also calibrated in
e laboratory in a second calibration system. The
perimental setup is made of a closed recirculating
cuit in which a known volume of water and sediment is
troduced. A recirculation pump ensures a certain level of
rbulence in the circuit, and a homogeneous water/
diment mixture (Fig. 3B). The recirculating turbid water
sampled with a manual pump identical to that used on
e ﬁeld, and SSC (Csample) is determined using the protocol
scribed previously. Three concentrations (Creal at 5,
 and 50 g/L) were chosen for the calibration of the pump
ig. 3C). For each concentration, the experiment was
peated ﬁve times (with complete cleaning of the system).
ring each experiment, ﬁve samples were taken. This
sulted in 25 samples per concentration value.
Measured SSC values (Csample) are plotted against real
C values (Creal) (Fig. 3C). On average, Csample slightly
erestimates Creal. A correction equation (Csample,cor =
sample)) may be proposed, but a signiﬁcant dispersion of
lues around the average is observed. A variability in the
mple concentration values of about 10% is determined
aphically, which has to be added to the uncertainty
lated to the weighing process. The uncertainty from the
libration system is negligible:
DCreal
Creal
< 0:7%. This signiﬁ-
nt uncertainty comes probably from the pump system:
the sediment can be lost during the ﬁlling of the pots
(underestimation of Csample), or;
the sediment can settle into the sampling system (pump
and pipes), which could distort the next sample
(overestimation of Csample).
These uncertainties have not been estimated experi-
entally.
. Current velocity measurements
Velocity measurements were performed with an
oustic Doppler Current Proﬁler (ADCP) and an Acoustic
ppler Velocimeter (ADV), both mounted on a metal
ucture anchored on the channel bank (Fig. 2). The ADV
ector Nortek) was placed horizontally and looking
stream 60 cm above the channel bed. It recorded the
ree components of the velocity (u, v, w) at a frequency of
64 Hz. The ADCP (Workhorse Sentinel) was placed just
below the water surface, looking downward (Fig. 2). It
recorded vertical velocity proﬁles down to the sediment
bed at a frequency of 2 Hz, with a signal frequency of
1200 kHz. The ADCP was conﬁgured according to the
desired acquisition frequency, the measurement condi-
tions, and the size of the vertical measurements cells.
During the ﬁeld survey, the water depth was low (1 m)
and the cell size was set at 5 cm. The manufacturer gives a
relative uncertainty on the velocity measurement (Du/u) of
0.3%.
4. Results
The results presented in this paper focus on the data
obtained during the survey of an undular tidal bore that
developed during the high spring tide of 8 May 2012 (the
tidal range in the outer estuary was 12.85 m). The SSC and
velocity evolutions during and after the passage of the tidal
bores of 7 May 2012 at ‘‘Le Bateau’’ have been discussed in
Furgerot et al. (in press) (same ﬁeld campaign). Herein, we
present a quantiﬁcation of sediment ﬂuxes during the tidal
bore passage in the Se´e River from (i) SSC measurements
(ASM probe and direct sampling), and (ii) velocity
measurements (ADV and ADCP probes). We discuss the
reliability and the limits of each method in highly turbid
and turbulent water, and emphasize on the importance
and difﬁculties of tool calibration in such environments.
4.1. Suspended sediment concentration
We compare the results of the ASM rod (CASM) and
direct sampling corrected (Csample) after laboratory cali-
brations (Fig. 4).
Data are presented at four sampling depths (0, 20,
40 and 60 cm above channel bed). Overall, the SSC
evolution measured with the ASM rod follows the SSC
evolution measured with the pump sampling method. As
described in Furgerot et al. (in press), a high increase in SSC
during the tidal bore passage (the ﬁrst seconds) is
measured at the bottom (Fig. 4D). The saturation of the
ASM rod suggested SSC greater than 30 g/L, conﬁrmed by
direct sampling with SSC values up to 35 g/L. After the
passage of the tidal bore front, SSC gradually increases over
the whole water column. Although the global SSC
evolution is similar with the two methods, the ASM
measurements (CASM) show a constant positive offset
compared to the pump sampling measurements (Csample).
This difference appears constant over time and is not
explained by the errors due to the instrumentation
previously identiﬁed (envelope curve in Fig. 4).
4.2. Flow velocities
A detailed description of the velocity evolution
measured using an ADV vector on the two components
u and w is provided by Furgerot et al. (in press). Herein we
supplement these ADV data with ADCP measurements that
provide vertical proﬁles of longitudinal velocity u (Fig. 5).
The average velocity (u) on the 60 cm of the water
column is 0.3 m/s (Fig. 5B, proﬁle a). The river ﬂow is very
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 ¼ 1 m=s in the upstream direction. The ADCP proﬁle b at
e tidal bore passage (Fig. 5B) clearly shows that the
ngitudinal velocity inversion (from a downstream-
irected to an upstream-directed ﬂow) ﬁrst occurs at
e bottom of the water column. This inversion has been
ecorded over the four successive tidal bores surveyed on
 and 8 May 2012. The inversion then occurs all across the
ater column almost immediately after the bore passage.
he longitudinal velocity is maximal just after the tidal
ore’s passage (up to 2 m/s) throughout the water column.
proﬁle, with some ﬂuctuations around a mean value of
0.7 m/s (Fig. 5B, proﬁle d).
4.3. Sediment ﬂux calculation
Velocities (u) and SSC (CASM) data are used to estimate
the instantaneous advective suspended sediment ﬂux (qs).
The formula used for this calculation has already been used
by several authors in comparable environmental condi-
tions (Berni, 2010; Chanson et al., 2011; Desgue´e et al.,
2011):
qs ¼
Z h
0
CASM u dz 
Xn
i¼1
CASMðiÞ uðiÞ
where qs and u are negative in the downstream direction.
CASM is expressed in g/L (Fig. 6A), the longitudinal velocity
component u is in m/s (Fig. 6B) and the instantaneous
sediment ﬂux qs is in kg/m
2/s (Fig. 6C). The uncertainty on
the sediment ﬂux calculation can be determined according
to the ADCP and ASM rod uncertainties calculated
previously:
Dqs
qs
 2
¼ Du
u
 2
þ DCASM
CASM
 2
Dqs
qs
is estimated at 10%. The main source of error is the
ASM rod measurement. Despite this uncertainty, we obtain
an order of magnitude of the sediment ﬂux. Also note that
the ASM rod saturates at 30 g/L. There is therefore an
underestimation of the SSC and the sediment ﬂux at the
tidal bore’s passage.
Before the passage of the tidal bore, the downstream
sediment ﬂux is close to 0 kg/m2/s. At the tidal bore’s
passage, a period of signiﬁcant sediment ﬂux occurs on the
bottom, with values reaching at least 40  4 kg/m2/s
(Fig. 6C). During the 3 next minutes after the bore, the
sediment ﬂux in the measured water column is lower, with
values less than 10  1 kg/m2/s. It then increases progres-
sively in the whole measured water column between 4 and
9 min after the passage of the tidal bore, reaching maximum
values of 25  2.5 kg/m2/s. Nine minutes after the bore,
despite SSC reaches its maximum, the sediment ﬂux starts to
decrease as a consequence of the decrease in the ﬂow
velocity.
5. Discussion
While SSC evolution associated with the passage of a
tidal bore is precisely described in Furgerot et al. (in press),
in the present paper, we propose to discuss three mains
points:
 the reliability of SSC measurements by direct sampling;
 the comparison between ASM and direct sampling
measurements;
 the inﬂuence of tidal bores on sediment ﬂuxes.
Direct samplings for SSC measurements are commonly
used and generally allow the validation of indirect
ig. 4. Comparison between ASM (including error envelope) and direct
mpling measurements at the same elevations, i.e. at 0 (A), 20 (B), 40 (C)
nd 60 cm above the bottom (D). Survey of 8 May 2012.easures of SSC (optical or acoustic). To our knowledge,hen, the averaged velocity decreases along the vertical m
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L. Furgerot et al. / C. R. Geoscience 348 (2016) 432–441438 study reports a calibration of the method to determine
e validity of the direct sampling measures. However, our
 situ data indicate that calibration is necessary for
antifying accurately SSC. In our case, a difference of 5 g/L
measured between Csample and CASM. In laboratory, a
ght overestimation of Csample is noted in average and an
uation is proposed for corrected the in situ SSC
easurements. Despite this calibration and the application
 error bars on the data, some differences between CASM
d Csample are recorded in situ. We consider that the main
urce of error comes from the ASM rod, because the direct
mplings are checked and the potential sources of
certainty have been identiﬁed and estimated. The
M rod manufacturer gives two measurement ranges
r two different particle sizes: from 0.005 to 5 g/L for mud
50 = 20 mm) and from 0.05 to 50 g/L for sand
50 = 250 mm). The ‘‘tangue’’ on the site is of intermediate
e (silt with mode at 80 mm). Because the probe has been
librated on a large range (0 to 30 g/L), a bias is possible
e to the particle size. In addition, access to the raw ASM
data is limited. After calibration of the rod, the instrument
provides only data in g/L during ﬁeld measurements. An
error due to ASM measurement is therefore difﬁcult to
identify. As the offset between CASM and Csample is roughly
constant, in situ calibration of the ASM rod can be
performed using direct sampling.
Despite these errors, it is interesting to couple these
methods, which show similar SSC evolution and present
complementary advantages:
 direct sampling is the only way to determine reliable
calibration curves for acoustic and optical probes, with a
distinction between backscatter and absorption phases
of the signal. Direct sampling is also independent of the
sediment heterogeneity, unlike indirect SSC measure-
ments that can be dependent on grain size, shape and
composition (Moate and Thorne, 2012; Thorne and
Meral, 2008);
 the ASM rod allows a space-time measurement with an
important resolution every centimeter at 2 Hz, and a
. 5. A. Longitudinal velocity (u) comparison between ADV Vector and ADCP Workhorse Sentinel at 60 cm from the initial bed level. B. Vertical velocity
ﬁles (u) extracted from ADCP measurements at four different times (a, b, c and d, located on Fig. 5A).
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L. Furgerot et al. / C. R. Geoscience 348 (2016) 432–441 439monitoring of the sediment bed’s evolution (erosion and
deposition). The processing of this method is rapid unlike
direct sampling, which is time-consuming (drying,
weighing). In addition, the ASM rod is able to perform
measurements in highly concentrated ﬂows, up to 30 g/L
in the present case unlike most available instruments, i.e.
from 0 to 5 g/L for an OBS-3 (Optical Backscatter Sensor)
and from 0 to 20 g/L for an ABS (Acoustic Backscattering
System). However, large measurement ranges imply
smaller accuracies.
In parallel to SSC measurements, ADCP measurements
llowed us to examine the evolution of the ﬂow velocity in
e water column at the passage and some minutes after a
dal bore. Our data clearly evidence that the ﬂow inversion
ccurs ﬁrst on the bottom before it propagates in the whole
ater column. Ce´bile (2010) on the Garonne River, as well
s Bazin (1865) on the Seine River already reported that
urrent reverses ﬁrst on the bottom at the tidal bore
assage. We suppose that this inversion causes a very
igniﬁcant shear stress on the sediment bed and subse-
uent erosion. One hypothesis is proposed in perspective
f this publication.
From these measurements of SSC and velocity, sedi-
ent ﬂuxes are calculated. Our data demonstrate that, on
ur study site, upstream-directed sediment ﬂuxes become
aximal in the whole water column about 8–9 min after
e passage of the tidal bore. This highlights the presence
f a turbidity maximum zone (TMZ), which is a common
ature in tide-dominated estuaries (e.g., the Seine estuary,
voine et al., 1981, the Garonne estuary, Castaing, 1981).
s development in the Mont-Saint-Michel estuary is
uantiﬁed for the ﬁrst time in our study. All the data
acquired during the several surveys on the tidal bore site
‘‘Le Bateau’’ evidence that the salinity front actually arrives
more than 10 min after the tidal bore passage in average
(Furgerot, 2014). This fact demonstrates that ﬂocculation
processes due to the salt water do not explain the TMZ,
unlike in most river estuaries where the TMZ develops at
the salt water/fresh water interface. We believe that a
signiﬁcant part of the sediments supplying the TMZ should
come from the channel bed and bank erosion due to the
tidal bore passage. After the passage, the TMZ starts to
develop, with values of sediment ﬂux up to 25 kg/m2/s, and
this transport persists over a few minutes (about 5 min in
our case).
For the ﬁrst time, a quantiﬁcation of sediment ﬂuxes
during a high spring ﬂood accompanied with a tidal bore is
provided for a tidal channel of the Mont-Saint-Michel
inner estuary. Very few quantitative data of sediment
ﬂuxes have been published until now in this hypertidal
setting. Desgue´e et al. (2011) have calculated sediment
ﬂuxes during spring tides in the inner estuary (Couesnon
River) at the beginning of the ﬂood very close to the bottom
but on the basis of data collected on the tidal ﬂat, not into
the channel, and without tidal bore. Maximum values of
1.1 kg/m2/s were calculated, which is 40 times less than
the sediment ﬂuxes we have calculated on the channel
bottom at the tidal bore passage. Ehrhold (1999) used a
numerical model on the basis of data collected at the
entrance of the estuary and calculated sediment ﬂuxes
greater than 10 kg/m2/s in the inner estuary for spring tide
conditions. These values are averaged over the whole inner
estuary and a whole tidal cycle. This implies that very high
sediment ﬂuxes, much higher than 10 kg/m2/s, necessarily
occur in the inner estuary during spring tides when tidal
Fig. 6. Time space diagrams. A. CASM (ASM data corrected by sampling). B. Longitudinal velocities (ADCP data). C. Sediment ﬂux (qs).
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L. Furgerot et al. / C. R. Geoscience 348 (2016) 432–441440res develop. This is consistent with our results. Similarly,
anson et al. (2011) calculated sedimentary ﬂuxes in the
ronne estuary during a tidal bore using ADV measure-
ents at one point at the top of the water column.
wnstream sediment ﬂux was 1.5 kg/m2/s before the
al bore. A few seconds after the passage, upstream
diment ﬂuxes reached up to 100 kg/m2/s and then
adually decreased to 40 kg/m2/s several minutes after
e bore. Taking into account the huge differences in initial
nditions between our site and the Garonne River estuary
uvial ﬂow and sediment ﬂuxes, sediment grain size,
annel size and morphology), in addition to the different
eans used to measure SSC (ADV signal inversion vs direct
mpling and ASM rod), we consider that the values of
diment ﬂuxes associated with the passage of a tidal bore
tained by Chanson et al. (2011) are in a range
mparable with those we have calculated in this study.
though few values of sediment ﬂuxes are ﬁnally
ailable in estuaries where tidal bore can form, our
mparative analysis tends to demonstrate that the
velopment of a tidal bore results in very high sediment
xes initiated by the bore front and impact on the bottom,
 the order of 10 to 40 times higher than sediment ﬂuxes
ithout tidal bore.
We wish to quickly come back to the velocity inversion,
 present our ﬁrst hypothesis in perspective of this article.
e suggest that the inversion occurs ﬁrst at the bottom
e to two main features:
at tidal bore passage, hydrostatic pressure from the
sudden rise of the free surface in addition to upstream
velocities (top of water column) deﬂects the downstream
river ﬂow to the middle of the water column;
at the same time, close to the bottom, due to a thinner
and steeper boundary layer, tidal ﬂow velocity is higher
than the ﬂuvial one.
The combined effect of these two features results in
eamlines contraction and acceleration in the middle of
e water column of river ﬂow. The velocity inversion is
erefore starting at the bed, and is delayed at higher
vations.
 Conclusion
Measurements of suspended sediment concentration
d ﬂow velocity were used to calculate sediment ﬂuxes
ring the passage of a tidal bore passage in the Se´e River
tuary (Mont-Saint-Michel Bay). From these measure-
ents, three points are developed in this paper:
reliability of SSC measurements by direct sampling;
comparison between direct sampling and ASM rod for
SSC measurements;
evolution of sediment ﬂux with the passage of a tidal
bore.
Both ASM and direct sampling methods for SSC
easurements were calibrated in the laboratory. Despite
e laboratory calibration, a difference of 5 g/L at maximum
was observed between both methods in the campaign
results. Some hypotheses are proposed to explain this
difference. This paper shows the difﬁculty of measuring
reliable SSC even with direct sampling, which is currently
considered as a reliable method. New tests should be
performed to reduce the high uncertainty of the SSC
measurements, including a more advanced ASM calibration
with different ranges of particle size, and the automation of
direct sampling in the ﬁeld.
Despite the uncertainties on the SSC measurements,
sediment ﬂuxes were calculated and compared with other
studies conducted in the Mont-Saint-Michel Bay without
tidal bore, and in the Garonne estuary during a tidal bore. It
shows the signiﬁcant role of the tidal bore on sediment
transport by an important resuspension of sediments at
the passage of a tidal bore (Furgerot et al., in press). This
important resuspension seems to contribute to the supply
of a turbidity maximum zone (TMZ) highlighted for the
ﬁrst time in the Mont-Saint-Michel Bay.
Finally, we propose that the inversion of velocity on the
bottom is due to the difference in thickness of the
boundary layer between the river ﬂow and the ﬂood ﬂow
below the tidal bore front. Further processing of current
velocity data is in course to conﬁrm this hypothesis.
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